Other investigators have shown that several polycyclic carcinogens are frameshift mutagens in Salmonella. Mutagenic potency of these compounds is assessed by ability to induce reversion of histidine-requiring frameshift mutants to prototrophy. One frameshift mutation in the histidinol dehydrogenase gene, hisD3052, is unusually sensitive to mutagenesis by certain polycyclic carcinogens. We find that the 3052 mutation is a -1 deletion, probably loss of a G C pair from a DNA repeat of -G-G-G--C-C-C-. The polycyclic carcinogens tested (e.g., 2-nitroso- Frameshift mutations result from additions (+) or deletions (-) of DNA base pairs from genes encoding polypeptide chains, so that triplets in the product mRNA are not read in the correct frame after the mutation (7, 8) . Correction of such mutations may occur by restoration of the original base sequence, or by introduction of a closely positioned frameshift of opposite sign. In these double frameshift mutants (+ -) the normal reading frame is restored in mRNA except for the segment between the two frameshifts. The (+ -) mRNA segment encodes a segment of altered amino acids in the polypeptide chain, often disturbing its function. Sequencing the affected polypeptide segment allows reconstruction of associated mRNA and DNA sequences (9, 10). The hisD gene encodes the enzyme histidinol dehydrogenase (EC 1.1.1.23). To determine nucleic acid base changes in 3052 caused by polycyclic carcinogens and other frameshift mutagens, we have induced reversion in 3052 by these compounds. Revertants carrying double frameshift mutations were detected by rapid screening of crude extracts from revertants for altered histidinol dehydrogenase. The altered enzyme from each double mutant was then purified and compared with the normal enzyme by peptide mapping to detect altered peptides. These were sequenced to reconstruct altered DNA sequences in 3052 and its revertants. We have also classified the reversions with respect to certain properties of histidinol dehydrogenase from crude extracts, and have correlated the classes of reversion with specific DNA sequence changes.
compensating mutation, almost invariably of the same general type as the original; i.e., base substitutions are corrected by base substitutions, frameshifts by frameshifts. In particular, the Ames group has shown that many polycycic compounds with reactive side groups, interpreted as proximal carcinogens, are frameshift mutagens in Salmonella (3) (4) (5) (6) .:One tester strain, TA1538, containing the frameshift mutatioi hisDS052, is unusually sensitive to reversion by many -of these carcinogens; reversion is enhanced many-fold over-the spontaneous frequency (3) (4) (5) . Our interest in examining DNA sequences in 3052 and its revertants was stimulated by Ames. We now report on the unusual base sequence of a carcinogen-sensitive DNA tract in 3052.
Frameshift mutations result from additions (+) or deletions (-) of DNA base pairs from genes encoding polypeptide chains, so that triplets in the product mRNA are not read in the correct frame after the mutation (7, 8) . Correction of such mutations may occur by restoration of the original base sequence, or by introduction of a closely positioned frameshift of opposite sign. In these double frameshift mutants (+ -) the normal reading frame is restored in mRNA except for the segment between the two frameshifts. The (+ -) mRNA segment encodes a segment of altered amino acids in the polypeptide chain, often disturbing its function. Sequencing the affected polypeptide segment allows reconstruction of associated mRNA and DNA sequences (9, 10) .
The hisD gene encodes the enzyme histidinol dehydrogenase (EC 1.1.1.23). To determine nucleic acid base changes in 3052 caused by polycyclic carcinogens and other frameshift mutagens, we have induced reversion in 3052 by these compounds. Revertants carrying double frameshift mutations were detected by rapid screening of crude extracts from revertants for altered histidinol dehydrogenase. The altered enzyme from each double mutant was then purified and compared with the normal enzyme by peptide mapping to detect altered peptides. These were sequenced to reconstruct altered DNA sequences in 3052 and its revertants. We have also classified the reversions with respect to certain properties of histidinol dehydrogenase from crude extracts, and have correlated the classes of reversion with specific DNA sequence changes.
We believe that this newly characterized tester system will be useful for rapid screening of carcinogens as frameshift mutagens. For the relatively small effort of inducing reversions in 3052 with carcinogens or other mutagens and examining crude extract histidinol dehydrogenase, it should be possible to assign the reversions to the standard groups with known base sequence changes in DNA (see below).
MATERIALS AND METHODS
A strain of 30S2 carrying the operator constitutive mutation his01242, TR1693, was kindly constructed for us by J. R. Roth. The 1242 mutation allows production of 12-fold the normal amounts of histidine enzymes (11) . Revertants of this 305S strain were induced by spotting a drop of mutagen solution on enriched minimal agar spread plates by the method of Ames (2) . The following carcinogens were used: 2-nitrosofluorene (NF) synthesized by Bartsch and Miller (3) and furnished by Ames; hycanthone (HC) (12, 13) , furnished by P. E. Hartman; nitroquinoline-N-oxide (NQ), furnished by H. B. Wood; and N-methyl-N'-nitro-N-nitrosoguanidine (NG) from Aldrich Chemicals. The acridine derivative frameshift mutagens tested, and ICR-364-OH (14) , were the gift of H. J. Creech. All mutagens were used as solutions at a concentration of 1 mg/ml, except for NG, which was spotted as crystals.
Histidinol dehydrogenase specific activity and electrophoretic mobility in polyacrylamide gels were determined by the method of Yourno, Barr, and Tanemura (15) . For sequence analysis revertant enzymes were purified by the standard method (16) , compared with the wild type by peptide mapping, and affected peptides sequenced according to Yourno and Heath (17) and Yourno (18) .
RESULTS AND DISCUSSION
Frameshift mutation 30S2 was induced with the acridine derivative ICR-364-OH by Oeschger and Hartman, who mapped it in the middle region of the hiD gene. As is characteristic of frameshifts, 30S2 is induced to revert by certain frameshift mutagens, such as ICR, but not by pure basesubstituting agents such as 2-aminopurine (19 Proc. Nat. Acad. Sci. USA 71 (1974) # T28 of R5 showed 5% contamination with peptide T8. The contaminant values have been subtracted. § Peptides T9A and T9A' of R5 were extracted from 25 and 10 peptide maps, respectively, stained with 0.025% ninhydrin. Peptides CA and CB were similarly extracted from 15 peptide maps. Variable destruction of N-terminal residues occurred. * T28S-4 of R5 and T9A of R14 were extracted from three peptide maps stained with 1% ninhydrin. Significant destruction of the N-terminal residues was observed.
unusual double frameshift mutants arising spontaneously. Here detection of rarer reversion events is optimal in the absence of large numbers of mutagen-induced revertants (18, 21, 22 To reconstruct altered DNA sequences in 3052 and its revertants, purified histidinol dehydrogenase was examined from representative revertants of each mutagenic origin and of most classes. Tryptic and chymotryptic digests of the enzymes were compared with the normal by peptide mapping and altered peptides were detected. With the exception of NG-induced revertants R39 and R41, the amino-acid composition of each affected peptide, pooled from three to four maps, was determined. When revertants of different mutagenic origin were judged to be identical by map position and amino-acid composition of affected peptides, one of these was selected as a standard and the affected peptides sequenced.
Histidinol dehydrogenase of spontaneous revertant R5 (Class 6) proved to be a key to establishing the DNA nucleotide sequence of the carcinogen-sensitive "hotspot" of 3052. The + and -frameshifts of R5 bracket the hot spot and each is clearly separated from it by a stretch of normal nucleotide residues (Fig. 1) . Two tryptic peptides were altered in R5. Peptide T9A was replaced by two basic peptides, designated T9A and T9A'. These are overlapping peptides. T9A' contains one C-terminal Arg residue, T9A two such residues (Table 2) . Peptide T28 was also replaced by a more basic peptide (Table 2B ). The spontaneous reversion appears to have involved an addition of 10 nucleotide pairs in DNA; the net effect is addition of three extra amino-acid residues to histidinol dehydrogenase of R5 (Fig. 1) . The net gain of four positive charges in the R5 polypeptide accounts for its unusually slow electrophoretic mobility at pH 9.5 (Table 1) . Tryptic peptides T9A and TIl were absent from peptide maps of Class 3 revertants (R22, R24, R39). In their place a single fused peptide, T9A-T11, was located. In both cases examined (R22, R24) the amino-acid composition of the "double" peptide was the sum of that of T9A and Til, except for substitution of Gly and Pro residues for Ala and Gln. The peptide from the ICR-191-induced revertant, R22, was sequenced (Table 2A) . The double peptide results from alteration of the normal -Ala-Arg-Gln-sequence at the T9A-T11 border to the trypsin-resistant sequence -Gly-Arg-Pro-. The changes found are consistent with the normal electrophoretic mobility of Class 3 enzymes (Table 1 ). In the case of Class 5 revertants (R14, R19, R25, R29, R36, R41) only tryptic peptide T9A was altered. As in R5, this peptide was replaced by the basic peptides T9A and T9A'. These matched the R5 peptides in location and amino-acid composition. Peptide T28 was normal in location and composition. Only R41 was not analyzed for amino-acid composition. Peptides T9A and T9A' from the NF-induced revertant R14 were sequenced and were, as expected, identical to the corresponding peptides of R5 (Table 2C ). The reduced electrophoretic mobility of class 5 histidinol dehydrogenase (Table 1 ) is seen to result from a net gain of two positive charges. Chymotryptic peptide maps of Class 5 enzymes revealed two extra basic peptides, designated CA and CB. These peptides from R14 were sequenced and found to represent bridges between the affected tryptic peptides (Fig. 1) . CA spans T28 and T9A; CB spans T9A and T11. Although corresponding wild-type chymotryptic peptides were not detected by peptide mapping, the combined data allow the ordering of tryptic peptides as NHrT28-T9A-T11-COOH.
Histidinol dehydrogenase from the spontaneous Class 2 revertant R2 was purified and characterized as above (data not shown). From amino-acid composition data on purified peptides the sequence of T9A was deduced to be Ala-AspThr-Ala-Gly-Arg; that of Til, Ala-Leu-Ser-Ala-Ser-Arg (changes are italicized). R2 shows normal electrophoretic mobility. This revertant most likely arises from insertion of a G residue in mRNA after the arginine triplet for T9A (Fig.  1) . Enzyme from spontaneous Class 1 revertant R12 was likewise examined. In this case peptides T9A and Til were replaced by a fused peptide. From amino-acid composition of the fused peptide the deduced sequence is Ala-Asp-Thr-GtyGln-Ala-Leu-Ser-Ala-Ser-Arg (data not shown). The loss of a positive arginine residue explains the fusion of T9A and Ti1 and the increased electrophoretic mobility of this enzyme ( Table 1 ). The revertant probably results from deletion of two additional DNA base pairs from the 305 site (Fig. 1) .
The data show that the original 3062 mutation is a -1 deletion affecting the C-terminal portion of T9A (Fig. 1) . Most likely this represents deletion of a G* C pair from a mispairing-prone DNA repeat of three G C pairs. ICR compounds seem to favor this type of repeating sequence as frameshift target sites (17, 18, 22, 23 The ICR compounds tested here predominantly induce +1 frameshifts in a DNA tract narrowly separated from the 3052 site, giving rise to Class 3 revertants (Fig. 1) . A Gly-Arg-Pro sequence replaces Ala-Arg-Gln in Class 3 revertants. In combination with previous observations on ICR mutagenesis cited above, this again suggests that reversion results from addition of a G-C pair to a DNA repeat of three G0 C pairs. While we have no composition data bearing on the point, apparently the alkylating agent NG is also capable of causing + 1 reversions at this site. This capacity of NG is much weaker than its capacity to cause -1 deletions in similar DNA repeats. The possibility is slight that Class 3 revertants isolated as NG-induced are actually from spontaneous background. First, the density of NG-induced revertants on spread plates was in considerable excess of background. Second, no spontaneous revertants are included in Class 3.
The carcinogen-sensitive site of 3052 proved to be a very unusual mispairing-prone DNA repeat of -C-G-C-G-C-G-C-G-, close to the 3052 site (Fig. 1) . This sequence was variably reactive to all mutagens tested. In all cases examined the -G-Cmutagen-induced event was the deletion of a -C-G-doublet from the repeat to yield Class 5 revertants. In addition, six of the 12 spontaneous revertants were assigned to Class 5 by enzyme properties, although sequence analysis of these was not done (Table 1) .
Since HC and NG were only weakly mutagenic at this site, the possibility is again raised that some revertants isolated as mutagen-induced are actually spontaneous. The putative -2 deletion induced by NG in this instance would indicate, with the + 1 addition discussed above, newly appreciated, if weak, mutagenic capacities of this alkylating carcinogen. It is likely that NG causes frameshifts by a less direct mechanism than that of intercalating agents. Alkylation damage may cause spontaneous mispairing in replication or, by stimulating repair, increase the chance of spontaneous mispairing (17, 19) .
The polycycic carcinogens tested (NF, NQ, HC) reacted specifically with the repeating doublet sequence. The ICR compounds, like NG, showed a broader specificity. They reacted somewhat less avidly at this carcinogen hotspot than at the proposed DNA repeat of G* C pairs, so characteristically a target of these mutagens. Nitrosofluorene was the most potent mutagen at the carcinogen hotspot; reversion response was almost an order of magnitude greater than that for intermediate strength mutagens (NQ, ICR) at this site. Ames et al. have recently reported that NF was the most effective frameshift mutagen with 3052 from among 12 fluorene derivatives tested. Several other polycyclic carcinogens with a nitroso side group are strongly mutagenic for 3052 (4) , as are epoxides of some polycycic hydrocarbons (5). The Ames group has proposed that reactive metabolites of many polycycic compounds are carcinogenic by way of causing frameshift mutations. Requirements for strong activity are a polycycic structure capable of a stacking interaction with DNA base pairs and a reactive side group to react covalently with DNA (4, 5) . The 3052 system should prove useful in examining the mutagenic specificity of such chemical carcinogens and other mutagens at the molecular level.
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